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Strengthening in the Cu-9Ni-1.2Sn alloy

P. KRATOCHVIL, J. PESICKA

Faculty of Mathematics and Physics, Charles University, Department of Metal Physics,

Ke Karlovu 5, Prague 2, Czechoslovakia

Data are presented describing quantitatively the structure development in the Cu-9.7 at%
Ni-1.2at% Sn alloy during ageing at 673 K. On the basis of these results the contributions to
the strength of the alloy from different structure types are evaluated. These are discussed with

respect to their additivity.

1. Introduction

The properties of the Cu-Ni-Sn alloys have been
examined [1-7] over many years, especially from the
point of view of those with spinodal composition. The
tin content and temperature of annealing determine
the sequence of structures originating during decom-
position. At 673K the Cu-9.7at% Ni-3.0at% Sn
and Cu-9.7at % Ni-2.7 at % Sn alloys decompose by
spinodal decomposition followed by nucleation and
growth of (Cu,N, _,); Sn particles (with DO,, structure
changing into DO, structure after very long ageing).
On the other hand, the Cu-9.7at% Ni-1.2at %Sn
alloy decomposes after an incubation period by
nucleation and growth of (Cu,N,_,); Sn particles
(here also DO,, structure transforms finally into DO,
structure). The structure has been always investigated
by transmission electron microscopy (TEM) and elec-
tron diffraction (ED) [1-7].

There is a lack of quantitative experimental data
describing the microstructure. This problem is solved
in this paper with respect to the data needed for
evaluating the strengthening contributions in the
Cu-9.7at % Ni-1.2at % Sn alloy.

2. Experimental results

Specimens were prepared from 0.3 mm sheets of the
Cu-9.7at % Ni-1.2at % Sn alloy. These were aged
for 2h at 1073 K (solution treatment), water quenched
and then they were aged at 673K for various time
intervals in argon. The resulting grain size after sol-
ution treatment was 50 to 60 um and it remained
constant during ageing at 673 K [3]. Thereafter the
specimens were deformed in tension at 4 K. The initial
strain rate was 4 x 10 *sec™.

The microstructure of the specimen was inves-
tigated by TEM and ED for seven different ageing
times. Coherent metastable particles of DO,, structure
were observed. In order to gather enough details on
the structure, the following images were taken from
each area of interest: (a) a pair of stereomicrographs,
(b) bright-field imacge. (c¢) dark-field image micro-
graphs. The size of the particles was determined from
the dark-field images using the superstructure spots.
The particles are cylinders of diameter 2r, and length,
d (see Table I). The number of particles, N, was deter-
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TABLE I

¢ (sec) ro (nm) d (nm) N

0 _ . -

10* 20+ 10 sphere 4 41
3.5 x 10° 2.0+ 07 sphere 140 + 10
10° 2.5+ 0.7 13.5 £ 2.0 198 + 20
3.5 x 10° 2.9 + 0.7 16.0 +£ 2.0 350 + 30
8 x 10° 55+ 1.0 36.0 +£ 2.0 207 + 20
10 57+ 1.0 38.0 + 2.0 214 + 20

mined in the indentical volume, V, of each specimen
(3.645 x 10"nm*). The thickness of the specimen was
determined using stereomicrographs by a method
which was described elsewhere [8]. The error in the
specimen thicknesses determination is 10% or less.
The misfit

_ @ — ay
aym

where a, is the lattice parameter of the particles and
@y 1s the lattice parameter of the matrix, was deter-
mined by comparing the sizes in the bright and dark-
field images. The misfit was determined to be ¢ =
(1.0 + 0.3) x 107 and to be independent of ageing
time. The structural data are summarized in Table 1.
On the basis of these data other structural parameters
can be calculated, such as the particle volume, V,,
the fraction volume, f, and concentration of the
tin atoms in the matrix. They are summarized in
Table I1.

The nickel atoms dissolve well in the copper matrix
without any restriction and it is supposed that the
concentration of the nickel atoms, Cy;, is constant
during the ageing process, Cy; = 9.7at %. The con-
centration of tin at the stable solvus line, C,, is

TABLE II

¢ (sec) ¥, (nm*) C,, (at %) f

0 0 1.20 0

10 33.5 1.20 (3.6 + 3.6) x 10°°
3.5 x 10t 335 1.19 (1.3 £ 09 x 107
10° 265 1.16 (1.4 + 0.8) x 1073
3.5 x 10° 423 1.10 4.1 + 2.0) x 1073
8 x 10° 3420 0.73 (2.0 £ 0.7) x 1072
10° 3880 0.66 (23 + 0.8) x 1072
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Figure / The dependence of the yield stress on the ageing
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0.80 at % at 673 K [9]. The change in tin concentration
during ageing (see Table II) suggests that the con-
centration of tin at metastable solvus line, C,,, is
0.66 at % or lower at 673 K. Assuming C,,, = 0.6 at %,
the maximal volume fraction of metastable particles,
fowe = 2.3 x 1072, The data from Tables I and II are
plotted in Figs 2 and 3.

In our recent paper, the incubation period is esti-
mated as ~ 10°sec [3]. More precise investigation of
the structure development shows that the incubation
period is 10*sec. It is obvious from Fig. 2 that after the
incubation period (10*sec) first the nucleation of the
particles takes place (the number of particles increases,
while-their volume remains constant). For an ageing
time of 3.5 x 10%sec the number of particles reaches
a maximum. For longer times the number of particles
decreases and the volume of the particles quickly
grows. This means that ripening of the particles
occurs. The slope of the dependence log {—1In [1 —
(flfua)]} on log ¢ (Fig. 3) is the kinetic coefficient, 7, of
the decomposition reaction. From the Avrami plot
(Fig. 3), n = 1.7 follows. This value corresponds to
the decomposition reaction where first volume nuclea-
tion takes place and then ripening occurs [10}].

3. Discussion

During the ageing process the (Cu, Ni, _,); Sn particles
appear in the specimens and they contribute to
the strengthening of the specimens together with the
solid solution hardening. The structural parameters

(Tables I and II) enable evaluation of both contribu-
tions to be made. The strength increase, Ag3s, by solid
solution is given [11] by

A = mZPC
where m = 3.1 (Taylor factor), u is the shear mod-
ulus, p = 4.21 x 10*MPa, Z = 750 is a numerical
constant, C is the concentration and ¢, is the interac-
tion parameter. According to [12]

& = (" + 237" )]
where ¢ = 19, 5 = (0p/6C)/(1/C) is the shear mod-
ulus misfit and & = (0b/0C)/(1/b) is size misfit, b is the
magnitude of Burgers vector. For solid solution of
nickel in copper, ¢, = 0.87 [12] and for solid solution
of tin in copper, &, = 6.08 [13]. Then Acyi = 30 MPa
independent of ageing time, while Ao} depends on
ageing time because of the changing tin content in the
matrix (see Table III). The coherent particles have a
cylindrical shape and they are oriented along the
(100> directions. Saxlova and Balik [14] estimated
hardening increase caused by such particles

Ao'gz = 3.1 x 143f”2/11/2or‘/2

(1)

A3)

where A is the distance of the particle centres (4 =
(V/N)?) and a = d/2r,. The values Agj, calculated
with the help of Equation 3 are given in Table III.
The single contributions to the strengthening Aay;,
Ao and Acl,, together with the 6§y = 37MPa [15]
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Figure 2 The dependence of (x) the particle volume and
(00) the number of particles on ageing time.



Figure 3 The dependence of log [—In(1 — f/f,..)]onlog ¢.
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Figure 4 The dependences of (——) yield stress a¢y, (O) 055, I
vield stress increases (x) Aoy (4), Aogy and (x) Acgy, on 0 J\/ iy r )
ageing time. 0 o o) 10

(o5 is the yield stress of pure polycrystal copper at
4.2 K) are plotted in Fig. 4.

The question should be solved how to obtain total
strengthening from single contributions. On the basis
of computer simulations, Foreman and Makin [16]
suggested a solution of this problem for several
combinations of obstacle strength. In the case of
two kinds of weak obstacles, their results prefer the
quadratic addition, while for the case of several hard
obstacles among many weak obstacles, the linear
addition holds. The microstructure of the Cu-9.7 at %
Ni-1.2at % Sn alloy corresponds to the combination
of two kinds of weak obstacles — nickel atoms and tin
atoms — and one kind of hard obstacle — the
coherent particles. In agreement with Foreman and
Makin [16] the quadratic addition was applied for the
addition of both solution strengthening increases Acpy
and Ac3r. Then the linear addition was used to com-
bine the total solid solution strengthening with
coherent particle hardening. The results are given in
Table IV, in which of” is the experimental value of the

yield stress. Agreement is seen between the second
column in Table IV (the experimental values) and the
third one (the evaluation of strengthening on the basis
of the determined structural quantiies).

Very recently Biittner et al. [17] again tried [18, 19]
to describe the addition of the solid solution harden-
ing with the coherent particle hardening in a ternary
CuAu-Co system. We were not able to describe our
experimental data in the way they did. No unique
value of k exists in the equation

(0 — 05) = (Aop)" + (Ao)" + (Aop)* (4)

describing the mutual influence of both types of
obstacles for our whole series of samples, i.e. depend-
ing on the anncaling treatment.

We understand that more experimental data must
be gathered before the final solution of the problem
(hardening contributions and their additivity) is
found.

TABLE IV

TABLE I t (sec) o — o (Ao + A2 4 Agl,
1 (sec) Acll (MPa) Acd (MPa) Act, (MPa) (MPa) (MPa)

0 30 101 0 0 114 105

104 30 101 12 10* 116 117

3.5 x 10* 30 100 40 3.5 x 104 128 144

10° 30 99 54 10° 154 157

3.5 x 10° 30 91 83 3.5 x 10° 196 179

g x 10° 30 73 184 8 x 10° 228 263

108 30 67 193 10° 237 266
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4. Conclusions

1. The Cu-9.7at % Ni-1.2at% Sn alloy is hard-
ened during annealing by (Cu,Ni,_,);Sn particles of
DO,, structure. These particles have a cylindrical
shape. The size of the particles, the volume fraction
and the misfit were found for seven different ageing
times.

2. After the incubation period, the nucleation of the
particles takes place followed by the ripening process.

3. On the basis of experimentally estimated struc-
tural parameters, the contributions of each type of
obstacle were determined.

4. The contributions of solid solution strengthening
increases are added quadratically. The total solid sol-
ution hardening is then added linearly with the parti-
cle hardening. Satisfactory agreement is obtained with
experimental data.

¢ (sec)
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